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l Nuclear shadowing (NS) is general phenomenon of high-energy scattering 
→ nuclear cross section < sum of nucleon cross sections. 

l NS suppresses nuclear structure functions & parton distributions at small x: 
l fundamental in perturbative QCD  
l define initial conditions (cold nuclear matter effects) in pA & AA scattering.

Nuclear shadowing

l NS affects description of gluon-rich nuclear 
matter in quark-gluon color glass condensate 
(CGC) framework.

2266 F. Gelis

3. Gluon saturation

3.1. Dense regime of QCD
Since the DGLAP factorization framework is based solely on the single

parton distributions, it is expected to become inappropriate at large par-
ton densities. The problem that will arise in this regime is illustrated in
Fig. 9, that shows side-to-side a typical scattering process in the dilute (left)
and dense (right) regimes. In the dilute situation, the incoming hadrons are
“mostly empty”, and hard scatterings are rare processes. Moreover, reactions
involving more than one parton in each projectile are extremely rare (their
rate scales like the square of the probability to find a parton). But when
the parton density is large, processes initiated by multiple partons become
more likely to happen. A framework that would enable one to calculate
these processes should provide information about multiparton distributions
in hadrons and nuclei, and thus should go beyond the DGLAP framework.
Moreover, when the parton density becomes of the order of the inverse cou-
pling 1/g2, a strongly interacting regime, called gluon saturation [6–8], is
reached, where an infinite series of Feynman graphs contribute at each order
in g

2.

Fig. 9. Differences between a collision between dilute and dense projectiles.

A hint of the fact that the small x saturation regime is qualitatively
different from the dilute regime appears when plotting the deep inelastic
scattering cross section slightly differently. This cross section depends on
two Lorentz invariant quantities, x and the 4-momentum squared Q

2 of the
photon exchanged in the scattering. However, when plotted against the
combination x

0.32
Q

2, this data appears to line up on a unique curve (see
Fig. 10). This scaling indicates the emergence of an x-dependent momen-
tum scale, that behaves roughly as Q

2
s (x) ⇠ x

�0.32. This scale, known as
the saturation momentum, appears as a consequence of the non-linear inter-
actions among the gluons, that become important at high density.

Initial State Pre-
equilibrium Hadronization Freeze-outHydro-expansion of 

QGP or hadron gas

S. Bass, 
Duke Univ.

F. Gelis, 1412.0471 [hep-ph] 
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l Cleanest way to probe nuclear shadowing → nuclear deep inelastic 
scattering (DIS) → ratio of nucleus/proton structure functions . 

l Same fixed-target data can be described by different mechanisms of NS: 
l leading-twist nuclear PDFs from global QCD fits, Eskola, Paakkinen, Paukkunen, Salgado, 
EPJC 82 (2022) 5, 413 (EPPS21); Klasen, Paukkunen, 2311.00450 [hep-ph] 
l nucleus-enhanced power (higher-twist) corrections, Qiu, Vitev, PRL 93 (2004) 262301 
l mixture of leading and higher twist effects in dipole model with gluon saturation, 
Kowalski, Lappi, Venugopalan, PRL 100 (2008) 022303 

FA
2 /Fp

2

Dynamical mechanism of nuclear shadowing3

of the product of operators to be a product of expectation
values of the basic operator units in a nucleon state of
momentum p = PA/A:

⟨PA| Ô0

n
∏

i=1

Ôi |PA⟩ = A ⟨p | Ô0 | p⟩
n

∏

i=1

[

Np ⟨p | Ôi | p⟩
]

,

with the normalization Np = 3/(8πr3
0mN ). The integrals

∫

dλiθ(λi) = (3r0mN/4)(A1/3 − 1) are taken such that
the nuclear effect vanishes for A = 1. Resumming the
A1/3-enhanced power corrections Eqs. (8), (9) we find:

FA
T (x, Q2) ≈

N
∑

n=0

A

n!

[

ξ2(A1/3 − 1)

Q2

]n

xn dnF (LT)
T (x, Q2)

dnx

≈ AF (LT)
T

(

x +
xξ2(A1/3 − 1)

Q2
, Q2

)

, (10)

FA
L (x, Q2) ≈ AF (LT)

L (x, Q2) +
N

∑

n=0

A

n!

(

4 ξ2

Q2

)

×

[

ξ2(A1/3 − 1)

Q2

]n

xn dnF (LT)
T (x, Q2)

dnx

≈ AF (LT)
L (x, Q2) +

4 ξ2

Q2
FA

T (x, Q2) , (11)

where N is the upper limit on the number of quark-
nucleon interactions and ξ2 represents the characteristic
scale of quark-initiated power corrections to the leading
order in αs

ξ2 =
3παs(Q2)

8 r2
0

⟨p| F̂ 2(λi) |p⟩ .

In deriving Eqs. (10), (11) we have taken ⟨p| F̂ 2
λ0

|p⟩ ≈

(3r0mN/4)⟨p| F̂ 2(λi) |p⟩ and N ≈ ∞ because the effec-
tive value of ξ2 is relatively small, as shown below.

Eqs. (10), (11) are the main result of this Letter. Im-
portant applications to other QCD processes and ob-
servables that naturally follow from this new approach
are given in [11]. The overall factor A takes into ac-
count the leading dependence on the atomic weight and
the isospin average over the protons and neutrons in the
nucleus is implicit. We emphasize the simplicity of the
end result, which amounts to a shift of the Bjorken x
by ∆x = x ξ2(A1/3 − 1)/Q2 with only one parameter
ξ2 ∝ limx→0 xG(x, Q2). In the following numerical eval-
uation we use the lowest order CTEQ6 PDFs [12].

Fig. 2 shows a point by point in (x, Q2) calculation
of the process dependent modification to F2(A)/F2(D)
(per nucleon) in the shadowing x < 0.1 region compared
to NA37 and E665 data [13, 14]. We find that a value
of ξ2 = 0.09 − 0.12 GeV2, which is compatible with the
range from previous analysis [15] of Drell-Yan transverse
momentum broadening (ξ2 ∼ 0.04 GeV2) and momen-
tum imbalance in dijet photoproduction (ξ2 ∼ 0.2 GeV2),
makes our calculations consistent with the both x- and
A-dependence of the data. Our calculations might have

0.8

0.9

1

1.1

F 2
(A
)/
F 2
(D
)

CERN-NA37

-0.1

0

0.1

∆
D-
T

EKS89

0.7

0.8

0.9

1

F 2
(A
)/
F 2
(D
)

FNAL-E665
CERN-NA37

-0.1

0

0.1

∆
D-
T

0.6

0.7

0.8

0.9

1

F 2
(A
)/
F 2
(D
)

FNAL-E665
FNAL-E665

0.0001 0.001 0.01 0.1
xB

-0.2
-0.1
0
0.1
0.2

∆
D-
T

CERN-NA37

FNAL-E665
CERN-NA37

FNAL-E665

0.001 0.01 0.1
xB

12C

4He 6Li

40Ca

208Pb
131Xe

ξ
2 = 0.09 - 0.12 GeV2

QV

QV

FIG. 2: All-twist resummed F2(A)/F2(D) calculation from
Eqs. (10), (11) versus CERN-NA37 [14] and FNAL-E665 [13]
data on DIS on nuclei. The band corresponds to the choice
ξ2 = 0.09 − 0.12 GeV2. Data-Theory, where ∆D−T is com-
puted for the set presented by circles, also shows comparison
to the EKS98 scale-dependent shadowing parametrization [2].

overestimated the shift in the region x close to xN where
the N ≈ ∞ should fail [11]. In Fig. 2, we impose
Q2 = m2

N for virtualities smaller than the nucleon mass,
below which high order corrections in αs(Q) need to
be included and the conventional factorization approach
might not be valid. Our result is comparable to the
EKS98 scale-dependent parametrization [2] of existing
data on the nuclear modification to FA

2 (x, Q2), as seen in
the ∆D−T = Data−Theory panels of Fig. 2. We empha-
size, however, that the physical interpretation is different:
in [2] the effect is attributed to the modification of the
input parton distributions at µ0 = 1.5 GeV in a nucleus
and its subsequent leading twist scale dependence. In
contrast, our resummed QCD power corrections to the
structure functions systematically cover higher twist for
all values of Q ≥ µ0.

With ξ2 fixed, Fig. 3 shows the predicted Q2 depen-
dence of F2(Sn)/F2(C). The Q2 behavior of our result,

the CGC [2] describing both the bremsstrahlung limit of
linear small x evolution as well as nonlinear renormaliza-
tion group evolution at high parton densities, combined
with a realistic b dependence, is better captured in the
bCGC model [11,12]. Both the IPsat model and the
bCGC model provide excellent fits to a wide range of
HERA data for x ! 0:01 [12,13]. We now discuss the
possibility that DIS off nuclei can distinguish, respectively,
between these ‘‘classical CGC’’ and ‘‘quantum CGC’’
motivated models.

A straightforward generalization of the dipole formal-
ism to nuclei is to introduce the coordinates of the individ-
ual nucleons fb?ig. One obtains in the IPsat model,

 

d!Adip

d2b?
" 2

!
1# e#r2F$x;r%

P
A
i"1

Tp$b?#b?i%
"
; (4)

where F is defined in Eq. (3). The positions of the nucleons
fb?ig are distributed according to the Woods-Saxon distri-
bution TA$b?i%. We denote the average of an observable O
over fb?ig by hOiN &

RQA
i"1 d

2b?iTA$b?i%O$fb?ig%. The
average differential dipole cross section is well approxi-
mated by [9]

 

#d!Adip

d2b?

$

N
' 2

!
1#

%
1# TA$b?%

2
!pdip

&
A
"
; (5)

where, for large A, the expression in parentheses can be
replaced by exp$# ATA$b?%

2 !pdip% [14]. All parameters of the
model come from either fits of the model to ep data or from
the Woods-Saxon distributions; no additional parameters
are introduced for eA collisions. The same exercise is
repeated for the bCGC model.

In Fig. 1 (left), we compare the prediction of the IPsat
and bCGC models with the experimental data [15] on
nuclear DIS from the New Muon Collaboration (NMC)
[16]. Figure 1 (right) shows that the x dependence of
shadowing for fixed Q2 in the IPsat model is very flat.

This is because the best fit to ep data in DGLAP-based
dipole models [8,9] is given by a very weak x dependence
at the initial scale "2

0. A stronger x dependence also for
large dipoles, such as in the GBW or bCGC models, gives a
stronger x dependence of shadowing at fixedQ2. As shown
in Fig. 1 (center), both the IPsat and bCGC models predict
strong Q2 dependence (at fixed x) for shadowing. It is this
latter effect which is primarily responsible for the shadow-
ing effect seen in the NMC data. Precision measurements
of FA2 =AF

p
2 would shed more light on the relative impor-

tance of Q2 and x evolution in this regime.
We now turn to a discussion of the A and x dependence

of the saturation scale. In a simple GBW-type model,
inserting a #-function impact parameter dependence

into Eq. (5) yields the estimate Q2
s;A ' A1=3 R

2
pA2=3

R2
A
Q2
s;p '

0:26A1=3Q2
s;p for 2$R2

p ' 20 mb and RA ' 1:1A1=3 fm.
The smallness of Q2

s;A=Q
2
s;p, due to the constant factor

(0:26 has sometimes been interpreted [9,17,18] as a
weak nuclear enhancement of Qs. We argue here that de-
tailed considerations of QCD evolution and the b depen-
dence of the dipole cross section result in a significantly
larger nuclear enhancement of Qs.

The effect of QCD evolution onQs;A in the IPsat nuclear
dipole cross section is from the DGLAP-like growth of the
gluon distribution. The increase in the gluon density with
increasing Q2 and decreasing (dominant) dipole radius r
causes Qs to grow even faster as a function of A. This is
seen qualitatively for two different nuclei, A and B (with
A> B), in a ‘‘smooth nucleus’’ approximation of Eq. (4)
whereby

PA
i"1 Tp$b? # b?i% is replaced by ATA$b?%. We

obtain

 

Q2
s;A

Q2
s;B
" A
B
TA$b?%
TB$b?%

F$x;Q2
s;A%

F$x;Q2
s;B%
( A

1=3

B1=3

F$x;Q2
s;A%

F$x;Q2
s;B%

: (6)

The scaling violations in F imply that, as observed in
Refs. [9,19], the growth of Qs is faster than A1=3. Also,
because the increase of F with Q2 is faster for smaller x,
the A dependence of Qs is stronger for higher energies. In
contrast, the dipole cross section in the bCGC model
depends only on the ‘‘geometrical scaling’’ combination
[20] rQs$x% without DGLAP scaling violations and there-
fore does not have this particular nuclear enhancement
[22]. Precise extraction of the A dependence of Qs will
play an important role in distinguishing between ‘‘classi-
cal’’ and ‘‘quantum’’ evolution in the CGC.

A careful evaluation shows that because the density
profile in a nucleus is more uniform than that of the proton,
the saturation scales in nuclei decrease more slowly with b
than in the proton. The dependence of the saturation scale
on the impact parameter is plotted in Fig. 2. The saturation
scale in gold nuclei at the median impact parameter for the
total cross section bmed: is about 70% of the value at b " 0;
in contrast,Q2

s;p$bmed:% is only(35% of the value at b " 0.
The A dependence of the saturation scale for various x is

shown in Fig. 3, for the IPsat model on the left and the
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Q2 " 5 GeV2 as a function of x.
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18 JANUARY 2008

022303-2

l Outstanding questions: What is the mechanism/origin of this suppression? 
What is the relation between shadowing and saturation?
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Fig. 19 Structure-function ratios from the NMC [44,45] and EMC [48] experiments compared with the EPPS21 analysis.
The solid blue points show our central results, inner blue bands the nuclear uncertainties, and the purple bands the total
uncertainty.
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experiment [47]. The solid blue points show our central results, inner blue bands the nuclear uncertainties, and the purple
bands the total uncertainty.
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l The planned Electron-Ion Collider (EIC) in USA has potential to discriminate 
among approaches of NS due to: 

l wide  coverage 
l measurement of longitudinal structure function  sensitive to gluons 
l for the first time measurement of hard diffraction in nuclear DIS.

x − Q2

FA
L (x, Q2)

Diffraction in DIS on nuclei

l Sensitive observable is the ratio of diffractive to total DIS cross sections for a 
heavy nucleus and the proton, Accardi et al., EPJ A52 (2016) 9, 268 [1212.1701 [hep-ex]]:

QCD at Extreme Parton Densities

In QCD, the large soft-gluon density en-
ables the non-linear process of gluon-gluon
recombination to limit the density growth.
Such a QCD self-regulation mechanism nec-
essarily generates a dynamic scale from the
interaction of high density massless gluons,
known as the saturation scale, Qs, at which
gluon splitting and recombination reach a

balance. At this scale, the density of gluons
is expected to saturate, producing new and
universal properties of hadronic matter. The
saturation scale Qs separates the condensed
and saturated soft gluonic matter from the
dilute, but confined, quarks and gluons in a
hadron, as shown in Fig. 1.5 (Right).
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Figure 1.6: Left: The ratio of di↵ractive over total cross-section for DIS on gold normalized
to DIS on proton plotted for di↵erent values of M2

X, the mass squared of hadrons produced in
the collisions for models assuming saturation and non-saturation. The statistical error bars are
too small to depict and the projected systematic uncertainty for the measurements is shown by
the orange bar. The theoretical uncertainty for the predictions of the LTS model is shown by the
grey band. Right: The ratio of the coherent di↵ractive cross-section in e+Au to e+p collisions
normalized by A

4/3 and plotted as a function of Q2 for both saturation and non-saturation
models. The 1/Q is e↵ectively the initial size of the quark-antiquark systems (� and J/ )
produced in the medium.

The existence of such a state of satu-
rated, soft gluon matter, often referred to as
the Color Glass Condensate (CGC), is a di-
rect consequence of gluon self-interactions in
QCD. It has been conjectured that the CGC
of QCD has universal properties common to
nucleons and all nuclei, which could be sys-
tematically computed if the dynamic satu-
ration scale Qs is su�ciently large. How-
ever, such a semi-hard Qs is di�cult to

reach unambiguously in electron-proton scat-
tering without a multi-TeV proton beam.
Heavy ion beams at the EIC could provide
precocious access to the saturation regime
and the properties of the CGC because the
virtual photon in forward lepton scattering
probes matter coherently over a character-
istic length proportional to 1/x, which can
exceed the diameter of a Lorentz-contracted
nucleus. Then, all gluons at the same im-

6

Di↵ractive Scattering

Di↵ractive scattering has made a spectacular comeback with the observation of an unex-
pectedly large cross-section for di↵ractive events at the HERA e+p collider. At HERA,
hard di↵ractive events, e(k) +N(p) ! e

0(k0) +N(p0) +X, were observed where the proton
remained intact and the highly virtual photon fragmented into a final state X that was sep-
arated from the scattered proton by a large rapidity gap without any particles. These events
are indicative of a color neutral exchange in the t-channel between the virtual photon and
the proton over several units in rapidity. This color singlet exchange has historically been
called the pomeron, which had a specific interpretation in Regge theory. An illustration of
a hard di↵ractive event is shown in Fig. 3.2.

k

k'

p'
p

q

gap

Mx

Figure 3.2: Kinematic quantities for the de-
scription of a di↵ractive event.

The kinematic variables are similar to
those for DIS with the following additions:

t = (p� p
0)2 is the square of the momentum

transfer at the hadronic vertex. The
variable t here is identical to the one
used in exclusive processes and gen-
eralised parton distributions (see the
Sidebar on page 42).

M2
X = (p� p

0 + k � k
0)2 is the squared

mass of the di↵ractive final state.

⌘ = ln(tan(✓/2)) is the pseudorapidity of a
particle whose momentum has a rela-
tive angle ✓ to the proton beam axis.
For ultra-relativistic particles the pseu-
dorapidity is equal to the rapidity, ⌘ ⇠

y = 1/2 ln((E + pL)/(E � pL)).

At HERA, gaps of several units in rapidity have been observed. One finds that roughly
15% of the deep inelastic cross-section corresponds to hard di↵ractive events with invariant
masses MX > 3GeV. The remarkable nature of this result is transparent in the proton
rest frame: a 50TeV electron slams into the proton and ⇡ 15% of the time, the proton is
una↵ected, even though the virtual photon imparts a high momentum transfer on a quark
or antiquark in the target. A crucial question in di↵raction is the nature of the color neutral
exchange between the proton and the virtual photon. This interaction probes, in a novel
fashion, the nature of confining interactions within hadrons.

The cross-section can be formulated analogously to inclusive DIS by defining the di↵rac-
tive structure functions FD

2 and F
D
L as

d
4
�

dxB dQ2 dM2
X dt

=
4⇡↵2

Q6

✓
1� y +

y
2

2

◆
F

D,4
2 (x,Q2

,M
2
X , t)�

y
2

2
F

D,4
L (x,Q2

,M
2
X , t)

�
.

In practice, detector specifics may limit the measurements of di↵ractive events to those
where the outgoing proton (nucleus) is not tagged, requiring instead a large rapidity gap
�⌘ in the detector. t can then only be measured for particular final states X, e.g. for J/ 
mesons, whose momentum can be reconstructed very precisely.
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Deep Inelastic Scattering: Kinematics

k

p X

k'

q

Figure 2.3: A schematic diagram of the Deep
Inelastic Scattering (DIS) process.

Deep Inelastic Scattering:
e+ p �! e+X, proceeds through the ex-
change of a virtual photon between the elec-
tron and the proton. The kinematic descrip-
tion remains the same for the exchange of a
Z or W boson, which becomes important at
high momentum transfer.

Depending on the physics situation, the pro-
cess is discussed in di↵erent reference frames:

• the collider frame, where a proton
with energy Ep and an electron with
energy Ee collide head-on

• the rest frame of the hadronic system
X, i.e. the center-of-mass of the �

⇤
p

collision

• the rest frame of the proton

Kinematic Variables:
In the following, we neglect the proton mass,
M , where appropriate and the electron mass
throughout.

k, k0 are the four-momenta of the incoming
and outgoing lepton
p is the four-momentum of a nucleon

Lorentz invariants:

• the squared e+p collision energy s =
(p+ k)2 = 4EpEe

• the squared momentum transfer to the
leptonQ2 = �q

2 = �(k�k
0)2, equal to

the virtuality of the exchanged photon.
Large values of Q2 provide a hard scale
to the process, which allows one to re-
solve quarks and gluons in the proton.

• the Bjorken variable xB = Q
2
/(2p · q),

often simply denoted by x. It deter-
mines the momentum fraction of the
parton on which the photon scatters.
Note that 0 < x < 1 for e+p-collisions.

• the inelasticity y = (q · p)/(k · p) is
limited to values 0 < y < 1 and de-
termines in particular the polarization
of the virtual photon. In the collider
frame, the energy of the scattered elec-
tron is E0

e = Ee(1� y)+Q
2
/(4Ee); de-

tection of the scattered electron thus
typically requires a cut on y < ymax.

These invariants are related by Q
2 = xys.

The available phase space is often repre-
sented in the plane of x and Q

2. For a given
e+p collision energy, lines of constant y are
then lines with a slope of 45 degrees in a dou-
ble logarithmic x�Q

2-plot.

Two more important variables:

W 2 = (p+ q)2 = Q
2(1� 1/x) is the squared

invariant mass of the produced hadronic sys-
tem X.
DIS is characterized by the Bjorken limit,
where Q

2 and W
2 become large at a fixed

value of x. Note: for a given Q
2, small x

corresponds to a high �
⇤
p collision energy.

⌫ = q ·p/M = ys/(2M) is the energy lost by
the lepton (i.e. the energy carried away by
the virtual photon) in the proton rest frame.

For scattering on a nucleus of atomic number
A, replace the proton momentum p by P/A

in the definitions, where P is the momentum
of the nucleus. Note that for the Bjorken
variable one then has 0 < x < A.
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Total DIS Diffractive DIS

l Predicted to be: 
l  due to nuclear enhancement of 
saturation scale , Kowalski, Lappi, Venugopalan, PRL 100 
(2008) 022303; Lappi, Le, Mäntysaari, PRD 108 (2023 114023 
l  due to strong leading twist nuclear 
shadowing, Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255

Rdiff/tot > 1
Q2

s,A

Rdiff/tot < 1



5

l Method to calculate various nuclear parton distributions (usual, generalized, 
diffractive) as input for DGLAP evolution, Frankfurt, Strikman, EPJ A5 (1999) 293; Frankfurt, Guzey, 

Strikman, Phys. Rept. 512 (2012) 255 → alternative to global fits of nPDFs. 
l Based on: 

l Gribov-Glauber model of NS for soft hadron-nucleus scattering 
l QCD factorization theorems for inclusive and diffractive DIS. 

l  amplitude is a series of diffractive scattering off   
target nucleons:

γ* + A → X + A′ i = 1,2,…, A

Leading twist approach to nuclear shadowing

γ∗ γ∗ γ∗
X X X X X X

(a) (b) (c)

N N N N N

NA A′ A A′ A A′

IP IP IP IP IP IP

σγ*A→XA = ∫ d2b⃗ |Γγ*A→XA(b⃗) |2 = 4π
dσγ*N→XN(t = 0)

dt ∫ d2b⃗ ∫ dzρA(b⃗, z)eizΔγ*Xe− 1 − iη
2 σsoft ∫

∞
z dz′ ρA(b⃗,z′ )

2

nuclear density

diffractive cross 
section on proton 
measured at HERA

model-dependent  
cross section  

l Coherent diffraction :  A′ = A
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l Apply collinear QCD factorization for diffractive DIS, Collins, PRD 57 (1998); PRD 61 (2000) 

019902 → from structure function to parton distributions:

LTA to nuclear shadowing (2)

f D(3)
i/A (x, xIP, Q2) = 4π f D(4)

i/p (x, xIP, Q2, t = 0)∫ d2b⃗ ∫ dzρA(b⃗, z)eizxIPmNe− 1 − iη
2 σ i

soft(x) ∫∞
z dz′ ρA(b⃗,z′ )

2

= f D(3)
i/p (x, xIP, Q2)

1
σi

el(x) ∫ d2b⃗ 1 − e− 1 − iη
2 σ i

soft(x)TA(b⃗)
2

l Transparent interpretation: nuclear diffractive PDFs shadowed in proportion 
to the nuclear elastic cross section. 

l Similarly for quasi-elastic scattering using completeness final states  :A′ 

σγ*A→XA′ = ∫ d2b⃗ ⟨A | Γγ*A→XA(b⃗)
2
|A⟩ = σγ*N→XN

1
σel ∫ d2b⃗ ( 1 − e− 1 − iη

2 σsoftTA(b⃗)
2

+ e−σinTA(b⃗) − e−σsoftTA(b⃗))

TA(b⃗) = ∫ dzρ(b⃗, z)

σel(x) =
[σsoft(x)]2

16πBdiff

f̃ D(3)
i/A (x, xIP, Q2) = f D(3)

i/p (x, xIP, Q2)
1

σi
el(x) ∫ d2b⃗ ( 1 − e− 1 − iη

2 σ i
soft(x)TA(b⃗)

2
+ e−σ i

in(x)TA(b⃗) − e−σ i
soft(x)TA(b⃗))

l In this case, NS is given by sum of elastic and inelastic nuclear cross sections. 
σin(x) = σsoft(x) − σel(x)
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l Assumed that diffractive intermediate states  do not mix → one free 
parameter  → controls size and uncertainties of LTA predictions.

X
σi

soft(x)

LTA predictions for nuclear diffractive PDFs 

l High shadowing: given by probability of diffraction 

 

l Low shadowing: calculated using model for 
hadronic structure of  meson.

σi
soft(x) ≈ σ2(x) ≡

16π
fi/p(x) ∫

0.1

x

dxIP

xIP
fD(4)
i/p (x, xIP, t = 0)

ρ

l In LTA, nuclear shadowing driven by 
diffraction on proton → 10-15% probability 
of diffraction in DIS@HERA leads to large 
suppression of nuclear PDFs at small x. 

l Compare to impulse approximation (IA):  
fD(3)
i/A

A fD(3)
i/p

=
4πBdiff

A ∫ d2b⃗ (TA(b⃗))2 =
Bdiff

A ∫ dtF2
A(t) = 4.3
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l Combine LTA predictions for diffractive and usual nuclear PDFs: 

f D(3)
i/A (x, xIP, Q2)/fi/A(x, Q2)
f D(3)
i/p (x, xIP, Q2)/fi/p(x, Q2)

=
σi

soft(x)
σi

el(x)

∫ d2b⃗ 1 − e− 1 − iη
2 σ i

soft(x)TA(b⃗)
2

2(1 − λi(x))ℜe ∫ d2b⃗ (1 − e− 1 − iη
2 σi

soft(x)TA(b⃗)) + λi(x)Aσi
soft(x)

LTA predictions for Rdiff/tot 

λi(x) = 1 − σ i
2(x)/σ i

soft(x)

l Suppression  (quarks) and  (gluons) due to 
interplay of large leading twist nuclear shadowing for diffractive and usual 
nuclear PDFs.

Rdiff/tot ≈ 0.5 − 1 Rdiff/tot ≈ 0.5 − 1.3
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l LTA predictions for the ratio of cross sections calculated at next-to-leading 
(NLO) of perturbative QCD as function of diffractive mass :M2

X = Q2(xIP /x − 1)

LTA predictions for Rdiff/tot (2)

l Reaffirmed earlier LTA result  and difference from nuclear 
enhancement  in the gluon saturation framework, Kowalski, Lappi, 

Venugopalan, PRL 100 (2008) 022303; Lappi, Le, Mäntysaari, PRD 108 (2023) 114023.  
l  is flat as function of  due to assumed independence of  on .

Rdiff/tot ≈ 0.5 − 1
Rdiff/tot ≈ 1.5 − 2

Rdiff/tot M2
X σi

soft(x) xIP
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l To understand these results and comparison with dipole model, examine 
 as function of  and . Rdiff/tot σi

soft(x) λi(x) = 1 − σi
2(x)/σi

soft(x)

LTA predictions for Rdiff/tot (3)

l Boundary of LTA applicability is the black disk limit (BDL): 
 mb, using   measured at HERA. 

l In BDL,  and  and .

σi
soft(x) = σi

2(x) = 8πBdiff ≈ 60 Bdiff = 6 GeV−2

λi(x) = 0 Rdiff/tot → 1 Rcoh
diff/tot → 0.86

l Small : color transparency (IA),   
NS → 0 →  

l  mb: weak NS, 
 → corresponds to dipole 

model 

l  mb: full-fledged NS, 
, strong dependence on 

 (probability of point-like configurations in proton) 

σi
soft(x)

Rdiff/tot ≈ 5

σi
soft(x) ∼ σρN ≈ 20 − 30

Rdiff/tot ≈ 1.5 − 2

σi
soft(x) ≥ 40

Rdiff/tot ≈ 0.5 − 1.3
λi(x)
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l Heuristic definition of saturation scale through the b-dependent gluon density   

Leading twist nuclear shadowing and Qs

 →  due to strong leading twist shadowing and dilute nuclear density.Q2
sA/Q2

sp ≈ 1

l For nuclear PDFs, same parameters as 
before, but remove integration  

l For proton PDFs, Gaussian b-profile:

 with 

 

l
 In BDL:      

l Neglecting leading twist shadowing (IA):

∫ d2b⃗

gp(x, b, Q2) =
e−b2/R2

p

πR2
p

gp(x, Q2)

R2
p = 2BJ/ψ = 9 + 0.4 ln(x0 /x) GeV−2

Q2
sA(b = 0)

Q2
sp(b = 0)

≈
2πR2

p

σi
soft(x)

∼ 1

Q2
sA(b)

Q2
sp(b)

|IA

= πR2
p TA(b⃗) ∼ A1/3

Q2
sA(b)

Q2
sp(b)

=
gA(x, b, Q2)
gp(x, b, Q2)

= πR2
p [λi(x)TA(b⃗) + (1 − λi(x))

2
σi

soft(x)
ℜe (1 − e− 1 − iη

2 σ i
soft(x)TA(b⃗))]
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l Competing mechanisms for high-energy (small x) hard scattering on nuclei. 

l Ratio of the diffractive-to-total DIS cross sections for a heavy nucleus and proton 
at EIC discriminates between leading twist shadowing and saturation. 

l We confirmed our result that  due to strong leading twist 
shadowing in contrast with  in the gluon saturation framework. 

l  is controlled by the (dipole) cross section, which is large in LTA due to 
connection to diffraction on proton and small in the dipole model.  

l One needs complementary observables/processes, e.g., the longitudinal nuclear 
structure function , Frankfurt, Guzey, McDermott, Strikman, JHEP 02 (2002) 027, 
photoproduction of  in AA UPCs at LHC and RHIC, Guzey, Kryshen, Strikman, Zhalov, PLB 
726 (2013) 290; Guzey, Strikman, 2404.17476 [hep-ph], vector meson/jet cross section ratios, 
Kovchegov, Sun, Tu, PRD 109 (2024) 094028. 

l Leading twist nuclear shadowing as well as dilute nuclear density strongly 
deplete nuclear enhancement of the saturation scale .

Rdiff/tot ≈ 0.5 − 1.3
Rdiff/tot ≈ 1.5 − 2

Rdiff/tot

FA
L (x, Q2)
J/ψ

Q2
sA/Q2

Sp ≈ 1

Summary 


